Aim: To study the effect and mechanism of gonadotrophin-releasing hormone (GnRH) on murine Leydig cell steroidogenesis. Methods: Purified murine Leydig cells were treated with GnRH-I and -II agonists, and testosterone production and steroidogenic enzyme expressions were determined. Results: GnRH-I and -II agonists significantly stimulated murine Leydig cell steroidogenesis 60%-80% in a dose-and time-dependent manner (P < 0.05). The mRNA expressions of steroidogenic acute regulatory (StAR) protein, P450scc, 3β-hydroxysteroid dehydrogenase (HSD), but not 17α-hydroxylase or 17β-HSD, were significantly stimulated by both GnRH agonists with a 1.5-to 3-fold increase (P < 0.05). However, only 3β-HSD protein expression was induced by both GnRH agonists, with a 1.6-to 2-fold increase (P < 0.05). Conclusion: GnRH directly stimulated murine Leydig cell steroidogenesis by activating 3β-HSD enzyme expression. (Asian J Androl 2008 Nov; 10: 929-936) 
Introduction
Gonadotrophin-releasing hormone (GnRH), a decapeptide in the hypothalamus, plays a pivotal role in regulating reproduction by stimulating the biosynthesis and release of luteinizing hormone (LH) and follicle-stimulating hormone (FSH) from the pituitary [1] . Several GnRH molecules have been found in vertebrates and invertebrates as multiple forms [2] . Up to now, two forms of GnRH (GnRH-I and GnRH-II) have been demonstrated with distinct functions among various species and tissues [3] . Studies have illustrated the presence of GnRH or GnRH-like material in cultured rat Sertoli cells and testis [4, 5] and the existence of GnRH-R in rat interstitial cells and testis [5] [6] [7] . It has also been well demonstrated that GnRH-R is expressed in Leydig cells [1] , and the binding activity is present in rat Leydig cells [8] . Thus far, no direct evidence of the existence of GnRH-I and GnRH-II in the murine testis has been demonstrated. However, in humans, expression of GnRH-I in Sertoli cells and GnRH-R in Leydig cells has been shown [3] , indicating that GnRH may function in testicular steroidogenesis.
It is known that short-term in vitro treatment of GnRH stimulates testosterone production by adult rat Leydig cells [9] , whereas long-term incubation decreases the response to human chorionic gonadotrophin (hCG) [10] . In addition, GnRH or its agonist induced paradoxical effects on testosterone secretion in adult hypophysectomized rats [11] by inhibiting basal and LH-dependent steroidogenesis in rat fetuses in vivo [12] . Some studies from various frog species reveal that GnRH agonists or GnRH-like materials have positive effects on testosterone production [13] . These observations suggest that GnRH has direct effects on Leydig cells, and these effects might be species-specific.
Up to now the cellular responses to the GnRH within Leydig cells are yet to be determined, and few studies are available concerning the biological functions of testicular GnRH in the mouse. Although some reports have demonstrated the absence of a direct effect and binding activity of GnRH or GnRH agonists on murine testis and Leydig cells [14] , we now demonstrate that GnRH-I and GnRH-II agonists significantly stimulate purified murine Leydig cell testosterone production dose-and timedependently. Furthermore, the present study attempts to determine the mechanism of how GnRH could activate murine Leydig cell steroidogenesis.
Materials and methods

Animals
Male B6 (C57BL/6NCrj) mice, 5-7 weeks old, were purchased from National Cheng Kung University Animal Center (Tainan, Taiwan, China). Juvenile B6 mice should be less than 8 weeks old for the experiment to exclude the exposure of Leydig cells to endogenous LH. All animals were housed in groups of four in 29 × 18 × 13 cm polyethylene cages. The animal room was maintained at 22-24ºC under a constant 12 h:12 h light : dark cycle. Purina mouse chow (Ralston-Purina, St. Louis, MO, USA) and water were always available. The procedure for sacrificing animals was approved by the counselors of the National Cheng Kung University Animal Center.
Leydig cell isolation
Testes were removed from cervically dislocated mice and decapsulated in M199 (Gibco/BRL, Gaithersburg, MD, USA) (1 L containing 4 mmol/L NaHCO3, 25 mmol/L HEPES, 0.06 g penicillin, 0.05 g streptomycin and 0.2% [w/v] bovine serum albumin [BSA], pH 7.35). After decapsulation, the testes were incubated in a shaking water-bath (120 cycles/min) at 37ºC in M199 containing 1% [w/v] BSA and 100 U/mL collagenase for 15 min. After incubation, cold M199 was added to stop the action of collagenase. Seminiferous tubules were separated from interstitial cells by gravity sedimentation. Cells were then collected by centrifugation (300 × g for 6 min) and resuspended in 2 mL M199 containing 0.1% [w/v] BSA. This suspension, which comprised interstitial cells only, contained 20%-30% Leydig cells. This interstitial cell preparation was layered onto a Percoll gradient and then centrifuged at 800 × g at 4ºC for 20 min. The gradient, which was performed by centrifugation at 25 000 × g for 40 min, contained 10 mL isotonic Percoll solution (40%) and 15 mL M199 plus 0.1% [w/v] BSA and 25 mmol/L HEPES. A 1 mL fraction of gradient was collected from the top. Murine Leydig cells were mainly distributed in fractions [23] [24] [25] . The total number of cells and the percentage of 3β-hydroxysteroid dehydrogenasepositive cells were determined in this Leydig cell preparation [15] . The purity of the Leydig cells was 85%-90%.
Cell culture
Cells were maintained at 37ºC in a humidified environment containing 95% air and 5% CO2 for all the following experiments. In total, 5 × 
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Media from cultures with different treatments were collected and diluted with medium to fall within the standard curves of the respective assays. Twenty µL of diluted sample was withdrawn into a glass tube and 100 µL each of testosterone antiserum (a generous gift from Dr Paulus S. Wang, National Yang Ming University, Taipei, Taiwan, China) and 3 H-testosterone (70 Ci/mmol) were added. An equilibrium reaction occurred at room temperature for 2 h, which was stopped by putting the tubes in ice. Charcoal was added and incubated for 15 min at 4ºC and then centrifuged at 12 000 × g for 10 min to centrifuge the charcoal bound with free 3 H-testosterone [16] . The supernatant was poured into 2 mL of scintillation fluid and samples were counted in a β-counter (Beckman Coulter Instruments, Fullerton, CA, USA) for 2 min.
Isolation of RNA and RT-PCR
Total RNA was isolated with Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instruction. In brief, culture media was discarded and cells were lyzed in 1 mL Trizol. Then 200 mL chloroform was added to the sample to separate it into an aqueous phase (RNA), interphase (DNA) and organic phase (protein). The aqueous phase was transferred to a new vial to avoid contamination with the DNA and protein fractions. The RNA was then precipitated by adding 500 mL isopropyl alcohol. After centrifugation at 12 000 × g for 10 min, the supernatant was removed and the RNA pellet was washed with 75% (v/v) ethanol. Finally, the RNA was dissolved in 10 µL diethylpyrocarbonate (DEPC)-treated double distilled water and stored at -80ºC until used. The concentration of the RNA was determined by absorbance using 260 nm (A260).
Reverse transcription (RT) was performed in a mixture containing 5 µmol/L random primer (primer sequence and corresponding sequence of specific genes are listed in Table 1 ). The cell lysate was subjected to centrifugation at 12 000 × g for 20 min at 4ºC. The supernatant, which contained cell protein, was collected and stored at -20ºC until use. The protein concentration was determined by the Lowry method [17] . Immunoblot analysis was performed as previously described [18] . Antibody against β-actin was purchased from Cell Signaling (Beverly, MA, USA). An antibody generated against residues 89-99 of human and mouse StAR was a gift from Dr Jerome Strauss, III (University of Pennsylvania, Philadelphia, PA, USA) [19] . Antisera against CYP11A1 and 3β-HSD enzymes were generously provided by Dr Bon-Chu Chung (Academia Sinica, Taipei, Taiwan, China) [20] . In brief, 20 µg proteins was solubilized in 1 × SDS sample buffer and loaded on a 12.5% (w/v) SDS-polyacrylamide gel electrophoresis (PAGE) minigel (Mini-Protein II system, Bio-Rad, Richmond, CA, USA). Electrophoresis was performed at 100 V for 100 min using standard SDS-PAGE running buffer. The proteins were transferred to polyvinylidene difluoride membranes (PVDF) (Bio-Rad) at 80 mA for 1 h in transfer buffer. The PVDF membrane with transferred protein was incubated in blocking buffer at room temperature for 1 h, and then incubated in fresh blocking buffer containing the primary antibody for 16-18 h at 4ºC. After washing three times with PBS containing 0.5% [v/v] Tween-20 for 30 min, the signal was detected with a 1 : 4 000 dilution of horseradish peroxidase-conjugated secondary antibody (Amersham, Piscataway, NJ, USA), and visualized with Renaissance chemiluminescence reagent as described by the manufacturer (NEN, DuPont, Boston, MA, USA). Proteins of interest were quantified by a computer-assisted image analysis system (Quantity One, Huntington Station, NY, USA). The amount of β-actin (43 kDa) in each lane was also detected as a control to correct the expression of StAR (30 kDa), P450scc (51 kDa) and 3β-HSD (42 kDa) proteins.
Data analysis
All data are expressed as mean ± SEM of at least three independent experiments. Statistically significant differences between control and treatments were determined by one-way analysis of variance (ANOVA) and then the least significance difference (LSD). Statistical significance was set at P < 0.05.
Results
Dose-and time-dependent effects of GnRH agonists on testosterone production in murine Leydig cells
To determine whether GnRH can modulate testosterone production, purified murine Leydig cells were treated with various concentrations of GnRH-I and -II agonists (0.01 pmol/L to 100 nmol/L) for 24 h and testosterone production was determined by RIA. As shown in Figure  1A and 1B, significant effects of GnRH agonists on testosterone production were observed at 1 nmol/L, causing a ~60% increase (P < 0.05). There was no significant difference in testosterone production by either GnRH agonists at concentrations less than 1 nmol/L (P > 0.05).
GnRH-I agonist at 1 nmol/L and GnRH-II agonist at 10 nmol/L were used to determine the temporal effect. Testosterone production was significantly increased by 186% and 160% by GnRH-I and GnRH-II agonist, respectively, after 24-h treatment ( Figure 1C and 1D) (P < 0.05).
These results illustrate that GnRH-I and -II agonists significantly stimulated murine Leydig cell steroidogenesis in a dose-and time-dependent manner.
Effects of GnRH agonists on steroidogenic enzyme mRNA expressions in murine Leydig cells
Steroidogenic protein and/or enzymes associated with steroidogenesis were investigated by measuring transcript levels of mRNAs coding for StAR, P450scc, 17α-hydroxylase, 3β-HSD and 17β-HSD. Figure 2A illustrates RT-PCR results that GnRH-I agonist at 1 nmol/L and GnRH-II at 10 nmol/L induced StAR, P450scc and 3β-HSD mRNA expression after 12-h treatment. However, the 17α-hydroxylase and 17β-HSD mRNA . 933 .
Tel: +86-21-5492-2824; Fax: +86-21-5492-2825; Shanghai, China levels were not affected by either GnRH agonist after 12-and 24-h treatments. Figure 2B illustrates the integrated optical density (IOD) of StAR, P450scc, 17α-hydroxylase, 3β-HSD and 17β-HSD mRNA expressions from RT-PCR results of Figure 2A after normalization for L19 mRNA expression. The normalized results show that GnRH-I agonist (1 nmol/L for 12 h) significantly induced 2.3-, 1.5-and 1.8-fold increases of StAR, P450scc and 3β-HSD mRNA expression, respectively (P < 0.05); and GnRH-II (10 nmol/L for 12 h) significantly induced 2.8-, 1.4-and 2.2-fold increases of StAR, P450scc and 3β-HSD mRNA expressions, respectively (P < 0.05).
Effects of GnRH agonists on StAR, P450scc and 3β-HSD protein expressions in murine Leydig cells
Since GnRH-I and -II agonists significantly stimulated StAR, P450scc and 3β-HSD mRNA expressions in murine Leydig cells, Western blotting assays were further used to define the effects of GnRH-I and GnRH-II agonists on protein expression of StAR, P450scc and 3β-HSD. Figure 3A illustrates Western blotting results that StAR and P450scc protein levels were not affected by GnRH-I at 1 nmol/L and GnRH-II at 10 nmol/L after 12-and 24-h treatments. In contrast, 3β-HSD protein expression was induced by both GnRH agonists after 24-h treatment, but not 12-h treatment ( Figure 3A) . Figure 3B illustrates the integrated optical density (IOD) of StAR, P450scc and 3β-HSD protein expressions from Western blotting results of Figure 3A after normalization with β-actin protein expression. The normalized results show that GnRH-I agonist (1 nmol/L for 24 h) significantly induced 2.0-fold increase of 3β-HSD protein expression (P < 0.05) and GnRH-II (10 nmol/L for 24 h) significantly induced 1.7-fold increase of 3β-HSD protein expression (P < 0.05).
These results illustrate that GnRH-I and -II agonists only significantly stimulated 3β-HSD, but not StAR and P450scc, protein expression in murine Leydig cells.
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Discussion
In the present study, GnRH-I and GnRH-II agonists significantly activated the expression of 3β-HSD enzyme to stimulate murine Leydig cell testosterone production. genesis [25] . In the present study, the mRNA transcript levels of StAR, P450scc and 3β-HSD were significantly increased by both GnRH-I and GnRH-II agonists in murine Leydig cells after 12-h treatment. Interestingly, only 3β-HSD protein expression was further induced by both GnRH-I and GnRH-II agonists after 24-h treatment, indicating that StAR and P450scc were not the major proteins regulating GnRH-induced testosterone production in mouse Leydig cells. Indeed, the temporal trend of 3β-HSD mRNA expression at 12 h and then protein expression at 24 h activated by both GnRH agonists are reasonable and consistent with other studies in which the expression of steroidogenic enzyme takes about 12-24 h or longer to be fully expressed [26] . Mammalian spermatogenesis and steroidogenesis are primarily controlled by the hypothalamus and pituitary. Additionally, various local mediators (paracrine and autocrine factors) modulate the hormone actions both in somatic and germ cells [24, 27] . These cell-to-cell interactions have been shown to play important roles in the control of testicular functions at different phases of testicular development [24] . Increasing evidences show that many growth factors, cytokines and secreted proteins or peptides are involved in interactions between Sertoli cells and Leydig cells. These Sertoli cell factors, such as activin, inhibin, IGF-1, IGF-2, FGF, TGF-α, TGF-β and oestradiol, might regulate the Leydig cell functions via either stimulatory or inhibitory effects on testosterone production [28] [29] [30] [31] . Given that GnRH are produced from Sertoli cells, GnRH-receptors are present on Leydig cells [6, 7] and both forms of GnRH are able to stimulate 3β-HSD expression and testosterone production, it is reasonable to believe that GnRH-I and GnRH-II should be Sertoli cell paracrine factors that mediate the cross-compartment communication between seminiferous tubules and Leydig cells.
Taken together, GnRH directly activated murine Leydig cells to stimulate 3β-HSD expression and testosterone production, implying a role of locally produced GnRH in the control of murine Leydig cellsteroidogen esis.
These results differ from previous reports proclaiming no direct effect of GnRH on murine Leydig cell steroidogenesis [14] . In fact, 5-7-week-old male B6 (C57BL/ 6NCrj) mice were used in the present study whereas adult CD-1, BALB/c or NSC mice of different age and strains were used in previous studies. Furthermore, it has been shown that the postnatal development of Leydig cells can be divided into progenitor Leydig cells, immature Leydig cells and adult Leydig cells with different testosterone-producing activity, associated with changes in the expression levels of several different clusters of genes, including steroidogenic enzymes [21] . In fact, Leydig cells from immature mice possess higher steroidogenic response to trophic ligands than cells from mature mice [21] . Thus, it is possible in the present study that GnRH/GnRH-like receptor and 3β-HSD enzyme exist in immature murine Leydig cells, and GnRH agonists could associate with the receptor to activate 3β-HSD enzyme and then stimulate steroidogenesis.
Many studies have demonstrated that factors from other cell types in testis can mediate Leydig cell functions [22, 23] . Thus, the purity of isolated Leydig cells would influence the effect of GnRH on steroidogenesis in mouse. The purity of isolated Leydig cells in the present study was 85%-90%. In previous studies testicular interstitial cells (approximately 10%-5% purity) or Leydig cells of undefined purity were used in which other cell types may exert paracrine interaction on Leydig cells reducing the GnRH stimulatory effect. This might explain the reports proclaiming no effect of GnRH on murine Leydig cell steroidogenesis [14] .
It is well established that steroidogenesis in Leydig cells is regulated by LH to activate the G-proteins > adenylate cyclase > protein kinase A signal transduction pathway that phosphorylates or activates proteins, such as StAR protein or steroidogenic enzymes. The function of StAR protein is to transfer free cholesterol from the cytoplasm into the inner compartment of mitochondria, where P450scc enzyme converts cholesterol to pregnenolone [19] . Pregnenolone will then be transported to the smooth endoplasmic reticulum for further synthesis to testosterone by 17α-hydroxylase, 3β-HSD and 17β-HSD enzymes [24] . The function of StAR protein and the enzymatic activity of 17α-hydroxylase have been proposed to be the critical steps for steroidogenesis [25] . Furthermore, the expression and activity of P450scc, 17α-hydroxylase, 3β-HSD and 17β-HSD enzymes can be regulated by various factors to influence steroido-
